The loss of stratospheric ozone and the accompanying increase in solar UV flux have led to concerns regarding decreases in global microbial productivity. Central to understanding this process is determining the types and amounts of DNA damage in microbes caused by solar UV irradiation. While UV irradiation of dormant Bacillus subtilis endospores results mainly in formation of the "spore photoproduct" 5-thyminyl-5,6-dihydrothymine, genetic evidence indicates that an additional DNA photoproduct(s) may be formed in spores exposed to solar UV-B and UV-A radiation (Y. Xue and W. L. Nicholson, Appl. Environ. Microbiol. 62:2221-2227, 1996). We examined the occurrence of double-strand breaks, single-strand breaks, cyclobutane pyrimidine dimers, and apurinic-apyrimidinic sites in spore DNA under several UV irradiation conditions by using enzymatic probes and neutral or alkaline agarose gel electrophoresis. DNA from spores irradiated with artificial 254-nm UV-C radiation accumulated single-strand breaks, double-strand breaks, and cyclobutane pyrimidine dimers, while DNA from spores exposed to artificial UV-B radiation (wavelengths, 290 to 310 nm) accumulated only cyclobutane pyrimidine dimers. DNA from spores exposed to full-spectrum sunlight (UV-B and UV-A radiation) accumulated single-strand breaks, double-strand breaks, and cyclobutane pyrimidine dimers, whereas DNA from spores exposed to sunlight from which the UV-B component had been removed with a filter ("UV-A sunlight") accumulated only single-strand breaks and double-strand breaks. Apurinic-apyrimidinic sites were not detected in spore DNA under any of the irradiation conditions used. Our data indicate that there is a complex spectrum of UV photoproducts in DNA of bacterial spores exposed to solar UV irradiation in the environment.
The bacterial endospore is a highly evolved structure which is capable of maintaining the bacterial genome in a protected, viable state for extended periods of time; there are reliable reports of recovering viable spores from environmental samples at least 10 2 to 10 4 years old (reviewed in references 7, 8, 25, and 38) . Over the last 50 years, much research has been devoted to understanding the mechanisms responsible for spore resistance properties and spore longevity in the environment. On the basis of laboratory simulations of extreme environments, detailed molecular models have been constructed to describe spore resistance to germicidal treatments, such as wet and dry heat, UV radiation, desiccation, and oxidative damage (for reviews see references 24 and 38) . To date, the bestunderstood spore resistance mechanism involves the resistance of Bacillus subtilis spores to 254-nm UV radiation (UV-C). B. subtilis spores are approximately 10 to 20 times more resistant to UV-C than vegetative B. subtilis cells are (35, 39) . The UV-C resistance of spores has been determined to be due to two interlocking mechanisms. First, DNA in spores irradiated with UV-C radiation accumulates as the major photoproduct the unique thymine dimer 5-thyminyl-5,6-dihydrothymine, which is informally referred to as "spore photoproduct" (2, 42; reviewed in references 36 and 37). Second, spores possess at least two major DNA repair pathways for accurate repair of spore photoproduct during spore germination; these pathways are the general nucleotide excision repair system (encoded by genes designated uvr) and a spore photoproduct-specific enzyme called spore photoproduct lyase encoded in part by the splB gene (5, 12, 17, 18) . The results of experiments performed with B. subtilis strains in which either nucleotide excision repair or spore photoproduct lyase was inactivated by mutation indicated that spore photoproduct lyase plays a more important role in determining spore resistance to UV-C radiation than nucleotide excision repair plays, as spores of splB mutants are more sensitive to UV-C radiation than spores of uvrB or uvrC mutants are (5, 12, 13, 44) .
In studies parallel to the laboratory studies mentioned above, B. subtilis spores have proven to be a particularly fruitful system for field studies of the consequences of long-term cellular exposure to solar radiation due to (i) the well-developed information about their genetics and molecular biology, (ii) the fact that they are simple and easy to use and to transport to and from monitoring sites, (iii) the fact that they are stable during long-term storage both before and after exposure, and (iv) fact that their inactivation response is reproducible (14, 40, 43 ; reviewed in reference 21). The nucleotide excision repair and spore photoproduct lyase DNA repair pathways are also major determinants of spore resistance to solar radiation, as mutant B. subtilis spores that lack both repair systems are extremely sensitive not only to laboratory UV-C radiation (12) but also to the UV wavelengths present in sunlight (14-16, 26, 40, 43, 44) .
How well does the current laboratory model describe spore UV resistance in the environment? Solar radiation reaching the Earth's surface is considerably more complex than artificially produced monochromatic 254-nm UV-C radiation and consists of a mixture of UV, visible, and infrared radiation; the UV portion spans approximately 290 to 400 nm (the so-called UV-B and UV-A portions of the UV spectrum) (41) . In agreement with the current laboratory model, it has been welldocumented that DNA in spores exposed either directly to solar radiation or in the laboratory to UV wavelengths present in sunlight accumulate spore photoproduct as a major photo-product (40) . In contrast to the laboratory model, however, in spores exposed to UV-B radiation or full-spectrum sunlight, there is a shift towards nucleotide excision repair when the relative contributions of nucleotide excision repair and spore photoproduct lyase to spore UV resistance are compared (44) . These findings were interpreted to indicate that environmentally relevant UV wavelengths also induce non-spore photoproduct damage in spore DNA which was preferentially repaired by nucleotide excision repair (44) . In addition, exposing spores of nucleotide excision repair-or spore photoproduct lyase-deficient mutant B. subtilis strains to UV-A sunlight consisting of wavelengths of Ն320 nm resulted in lethal damage which was in large part repaired by neither nucleotide excision repair nor spore photoproduct lyase (44) . Collectively, the data indicate that exposing spores to solar radiation may produce a DNA photoproduct(s) in addition to the spore photoproduct. What is the nature of the putative photoproducts? As suggested previously (based on considerations discussed extensively in reference 44), cyclobutane type pyrimidine dimers, apurinic-apyrimidinic sites, and breaks in the phosphodiester backbone of the DNA are possible types of solar radiationinduced damage in spore DNA. In this paper we describe experiments designed to test this hypothesis.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The B. subtilis strain used in this study was WN356 [metC14 ⌬(splAB)::ermC sul thyA1 thyB1 trpC2 uvrB42], which lacks nucleotide excision repair and spore photoproduct lyase activities and has been described previously (20) . Spores were routinely prepared by growth and sporulation of strain WN 356 for 48 to 72 h at 37°C in nutrient broth sporulation medium (29) . Suspensions of sporulated cultures were treated with lysozyme (final concentration, 10 mg/ml) to remove vegetative cells and were purified further by repeated washing in various buffers and centrifugation, followed by heat shock (80°C, 10 min), as described previously (22) . The resulting spore preparations were ascertained by phase-contrast microscopy to be Ն99.9% free of vegetative cells.
Artificial UV and solar exposure. To assay for DNA damage, suspensions of purified spores (5.2 ϫ 10 10 CFU) were layered onto the bottom halves of sterile 10-cm-diameter polystyrene petri dishes and dried at 55°C. The resulting dried spore samples were subjected to artificial UV radiation by using either a UV-C lamp that produced predominantly 254-nm UV radiation or a UV-B lamp modified as described previously (44) to emit 290-to 320-nm UV-B radiation with peak emission at 302 nm (lamp models UVS-11 and UVM-57, respectively; UV Products, Inc., San Gabriel, Calif.). Dosimetry was performed by using a model UVX radiometer (UV Products) fitted with the appropriate UV-C or UV-B probe.
Spore samples were exposed to sunlight during the daily period when maximal solar intensity occurred; local noon was calculated for the longitude of Tucson, Ariz. (111°2ЈW), by using the Voyager II computer program (Carina Software, San Leandro, Calif.). For exposure to full-spectrum sunlight, samples were covered with a single layer of Saran Wrap (Dow Products), which transmits essentially all solar UV wavelengths (44) . Spores were exposed to sunlight from which the UV-B portion of the spectrum had been removed (designated UV-A sunlight) by covering the samples with a 1.25-cm (0.5-in.)-thick glass plate previously determined to completely block transmission of UV wavelengths shorter than 325 nm (44) .
During solar exposures, ambient temperatures greater than 70°C were routinely recorded (see Fig. 3 ). In order to control for potential DNA damage caused by heat, spore samples shielded with a single layer of aluminum foil were exposed to solar radiation in parallel and treated identically. Solar dosimetry was performed by using a model UVX radiometer fitted with the appropriate UV-B and UV-A probes, and readings were obtained under the same shielding materials which covered the spore samples. Dose rate readings (joules per square meter per second) were taken at hourly intervals, and the average of two successive readings was used to estimate the total UV dose (in joules per square meter) received by a sample during the interval. In order to obtain the desired solar UV dose (especially for samples exposed to UV-A sunlight), it was often necessary to expose spores for several days. At the end of each daily exposure period, samples were transported to the laboratory and stored at room temperature in the dark until the following exposure period.
DNA isolation, manipulation, and electrophoresis. Exposed spore samples were resuspended in 10 ml of phosphate-buffered saline (10 mM potassium phosphate, 150 mM NaCl; pH 7.4), and spores were harvested from petri dishes with a sterile spatula. The resulting spore suspensions were collected by centrifugation, resuspended in decoating solution (8 M urea, 50 mM Tris base [pH 10], 1% sodium dodecyl sulfate, 50 mM dithiothreitol), and incubated at 60°C for 90 min to remove the protein coat. Decoated spores were washed, centrifuged, and resuspended three times with STE buffer (10 mM Tris-HCl [pH 8], 10 mM EDTA, 150 mM NaCl) and once with lysis buffer (50 mM NaCl, 100 mM EDTA). Spores were then lysed and chromosomal DNA was extracted and purified as previously described (1) . To detect cyclobutane pyrimidine dimers, DNA was digested with phage T4 endonuclease V (Endo V) (Epicentre Technologies, Madison, Wis.), which cleaves the phosphodiester backbone 5Ј to cyclobutane pyrimidine dimers (6) . To detect apurinic-apyrimidinic sites, DNA was digested with endonuclease IV (Endo IV) (Epicentre Technologies) (10) . Neutral agarose gel electrophoresis of DNA was performed by using standard techniques (28) . In order to detect single-strand breaks generated in DNA either directly by UV treatment or as a result of Endo V or Endo IV cleavage at cyclobutane pyrimidine dimers or apurinic-apyrimidinic sites, DNA was denatured with 0.3 N (final concentration) NaOH and electrophoresed at 4°C through 0.8% alkaline agarose gels with buffer recirculation as described previously (28) . Migration of DNA was determined relative to a set of molecular size standards whose sizes ranged from 0.5 to 12 kb (1-kb ladder; Life Technologies, Gaithersburg, Md.). After the gels were stained with ethidium bromide, digital photographic images of the gels were scanned and quantitated on a Macintosh computer using the public domain NIH Image program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih .gov/nih-image).
RESULTS
In a control experiment, DNA was extracted from samples of unirradiated spores of strain WN356, prepared, and recovered by using techniques identical to those used in exposure experiments, and the DNA was separated on either 0.8% neutral or alkaline agarose gels along with high-molecular-weight markers (phage digested with HindIII). The chromosomal DNA migrated on neutral agarose as 23-kbp double-stranded fragments and on alkaline agarose as 23-kb single-stranded fragments (data not shown). Thus, DNA extracted from spores and purified was uniformly sheared to produce approximately 23-kbp double-stranded fragments, and no detectable additional single-strand breaks occurred during the purification procedure. Spores were then exposed to artificial UV-C radiation, artificial UV-B radiation, full-spectrum sunlight, or UV-A sunlight. Chromosomal DNA isolated from exposed spores was probed for double-strand breaks by neutral agarose gel electrophoresis and for single-strand breaks by denaturation in alkali, followed by alkaline agarose gel electrophoresis.
Artificial UV-C radiation. DNA isolated from spores exposed to UV-C radiation doses of 0, 2, 4, 8, and 16 kJ/m 2 was electrophoresed through either a native 0.8% agarose gel or a denaturing 0.8% alkaline agarose gel (Fig. 1) . UV-C treatment resulted in dose-dependent induction of double-strand DNA breaks in strain WN356 spores, which was manifested by DNA smears at progressively lower molecular sizes than 23 kbp on neutral agarose gels (Fig. 1A) . In addition to double-strand breaks, some cross-linking of DNA was revealed by species that migrated more slowly than 23 kbp, particularly in spores exposed to 2 kJ of UV-C radiation per m 2 (Fig. 1A) . Prior digestion of the DNA with Endo V (Fig. 1A) or Endo IV (data not shown) did not appreciably change the electrophoretic patterns on neutral agarose gels.
When the same DNA samples were denatured with alkali and electrophoresed through a 0.8% alkaline agarose gel, a clear UV-C dose-dependent increase in single-strand breaks was also detected (Fig. 1B) . In addition to single-strand breaks, UV-C irradiation of spores induced the formation of a small amount of cyclobutane pyrimidine dimers in chromosomal DNA, as detected by T4 Endo V digestion followed by alkaline denaturation of digested DNA and alkaline agarose gel electrophoresis (Fig. 1B, lanes 7 through 10) . In order to document the presence of cyclobutane pyrimidine dimers more clearly, a negative digital image of the ethidium bromide-stained gel containing DNA extracted from spores irradiated with 16 kJ of UV-C radiation per m 2 (Fig. 1B, lanes 9 and 10) was subjected to densitometric scanning and a quantitation analysis (Fig. 1C) . Plotting the scan versus migration of the molecular size standards revealed that at 16 kJ of UV-C radiation per m 2 the average single-strand fragment length was reduced from 23 to 4.7 kb, which corresponded to approximately 1,300 singlestrand breaks per B. subtilis chromosome (using 4.215 kbp as the circumference of the B. subtilis chromosome) (9) . Digestion of the same DNA with Endo V before alkaline agarose gel electrophoresis resulted in a further reduction in the average single-strand fragment size from 4.7 to 4.2 kb, which was consistent with production of approximately 215 cyclobutane pyrimidine dimers per chromosome. Induction of apurinic-apyrimidinic sites in spore DNA by UV-C irradiation was not detected after digestion with Endo IV and alkaline agarose gel electrophoresis (data not shown). Artificial UV-B radiation. Spores were exposed to different doses of UV-B radiation (0, 20, 40, 80, and 160 kJ/m 2 ) from a commercial UV-B lamp, and then chromosomal DNA was extracted and electrophoresed through a 0.8% neutral agarose gel ( Fig. 2A) and a 0.8% alkaline agarose gel (Fig. 2B) . Irradiation of spores with UV-B radiation resulted in dose-dependent formation of cyclobutane pyrimidine dimers, as detected by digestion with phage T4 Endo V prior to electrophoresis through alkaline agarose (Fig. 2B) . Neither double-strand breaks ( Fig. 2A) nor single-strand breaks (Fig. 2B ) nor apurinic-apyri- midinic sites (data not shown) were detected in DNA from spores irradiated with artificial UV-B radiation up to the maximum dose used.
Full-spectrum sunlight. On 2 successive days (21 and 22 July 1998) spores covered with Saran Wrap were exposed to fullspectrum solar radiation. During the exposure period, the temperature and the UV-B and UV-A fluxes were recorded at hourly intervals (Fig. 3) . During this experiment the spores were exposed to a total dose of 6.7 ϫ 10 5 J of UV-A radiation per m 2 and 2.9 ϫ 10 5 J of UV-B radiation per m 2 . DNA was extracted from the sunlight-irradiated spores and electrophoresed through both a 0.8% neutral agarose gel (Fig. 4A ) and a 0.8% alkaline agarose gel (Fig. 4B) . Exposure of spores to full-spectrum sunlight resulted in the formation of singlestrand breaks and cyclobutane pyrimidine dimers in the chromosomal DNA of the spores (Fig. 4B, lanes 3 and 4) . Some double-strand breaks were detected (Fig. 4A, lanes 3 and 4) , but no apurinic-apyrimidinic sites were present (data not shown). Despite the fact that the temperature exceeded 70°C twice during the experiment (Fig. 3) , the DNA damage in spores exposed to full-spectrum sunlight was not caused by heat, as spores exposed in parallel to the same heat regimen but shielded from solar radiation exhibited no detectable DNA damage (Figs. 4A and B, lanes 7 and 8) .
UV-A sunlight. During the experiment on 21 and 22 July 1998 described above, a parallel set of spores was also exposed under 0.5-in.-thick plate glass to UV-A sunlight (total dose, 2.68 ϫ 10 5 J/m 2 ). At this dose no significant spore DNA damage was detected by agarose gel electrophoresis (Fig. 4A and  B, lanes 5 and 6) . Therefore, in a separate experiment performed on clear days from 5 to 16 October 1998, spores were exposed under 1.25-cm-thick plate glass to a larger total dose of UV-A sunlight, 1.1 ϫ 10 6 J/m 2 . We found that the DNA extracted from spores exposed to UV-A sunlight in this experiment and electrophoresed through 0.8% neutral and 0.8% alkaline agarose gels contained double-strand breaks (Fig. 5A , lanes 5 and 6) and single-strand breaks (Fig. 5B, lanes 5 and 6) but virtually no cyclobutane pyrimidine dimers (Fig. 5B , lanes 5 and 6) or apurinic-apyrimidinic sites (data not shown). Again, damage to spore DNA was due to direct exposure to solar radiation and not to heat, as a parallel set of spores shielded from UV by aluminum foil but exposed to the same temperature regimen exhibited no detectable DNA damage ( Fig. 5A and B, lanes 3 and 4) .
DISCUSSION
Bacterial spores in the environment must maintain the integrity of their DNA for extended periods of time. Although spores are more resistant to UV radiation than vegetative cells are, vegetative cells can constantly repair their DNA in the environment. In contrast, spores are metabolically inactive and accumulate unrepaired DNA damage in their genomes during dormancy (21) . Furthermore, upon germination, spores must rapidly repair the cumulative damage in their genomic DNA prior to gene expression (21, 35) . UV radiation plays an important role in regulating levels of microorganisms in the environment (3, 11) . The recent decreases in atmospheric ozone levels pose a serious threat to the ecological balance of bacterial populations in the environment (3, 11) . While spore DNA photochemistry and repair have been well defined in the laboratory (21, 38) , probing the types of adducts caused by solar UV radiation in spores should provide a better understanding of the resistance of spores in the environment and their ability to cope with exposure to solar UV radiation.
It is well established that spore photoproduct is the major UV photoproduct in spore DNA irradiated with UV-C radiation (2, 30) and full-spectrum sunlight (40) and that DNA repair processes are important determinants of spore survival FIG. 4. Chromosomal DNA extracted from spores of strain WN356 exposed to full-spectrum sunlight on 21 and 22 July 1998 was electrophoresed through a 0.8% neutral agarose gel (A) and a 0.8% alkaline agarose gel (B). Spores were not exposed to light (lanes 1 and 2), exposed to full-spectrum sunlight (6. on October 30, 2017 by guest http://aem.asm.org/ when spores are exposed to laboratory UV-C, UV-B, or solar UV radiation (14, 40 ; reviewed in references 21, 38, and 44). In particular, spore photoproduct lyase and nucleotide excision repair have been identified as the two major DNA repair pathways which remove spore photoproduct from UV-C-irradiated spores during spore germination (17, 18) , while there is evidence that recombinational repair also plays a role in spore resistance to UV-C radiation (19) . Nucleotide excision repair and spore photoproduct lyase also make important contributions to B. subtilis spore resistance to solar radiation (14, 40, 43, 44) . While it has been determined that spore photoproduct is also the major photoproduct in the DNA of spores exposed to sunlight, the observation that fewer spore photoproduct dimers were detected per lethal event at solar wavelengths suggested that (an)other DNA photoproduct(s) could also be formed in spores exposed to solar radiation (40) . In support of this suggestion, a study of the relative efficiencies of nucleotide excision repair and spore photoproduct lyase for repairing DNA damage in spores exposed to sunlight revealed that some nucleotide excision repair-reparable DNA damage other than spore photoproduct appeared to occur in spore DNA exposed to solar radiation (44) . In an attempt to elucidate the nature of additional spore DNA photoproducts, in the present study we probed for the presence of double-strand and single-strand breaks, cyclobutane pyrimidine dimers, and apurinic-apyrimidinic sites in UV-irradiated spores by using both neutral and alkaline agarose gel electrophoresis and treatment of spore DNA with the enzymes Endo IV and Endo V. UV-C irradiation of spores resulted in dose-dependent production of detectable amounts of double-strand breaks, singlestrand breaks (approximately 1,300 breaks per chromosome when the dose was 16 kJ/m 2 ), and cyclobutane pyrimidine dimers (approximately 215 dimers per chromosome when the dose was 16 kJ/m 2 ) (Fig. 1) . It is important to note that the maximum dose used in this experiment (16 kJ/m 2 ) probably converted nearly 40% of the total chromosomal thymine into spore photoproduct (30, 35) , which corresponded to roughly 4.2 ϫ 10 5 spore photoproduct dimers per chromosome; therefore, in response to UV-C irradiation, the single-strand breaks and cyclobutane pyrimidine dimers produced in spore DNA accounted for approximately 0.3 and 0.16% of the spore photoproduct produced, respectively. Because strain WN356 lacks both nucleotide excision repair and spore photoproduct lyase, its spores are very sensitive to UV-C irradiation; the 90% lethal dose (LD 90 ) is only 5 J/m 2 (20) . It has been calculated that for spores which lack nucleotide excision repair and spore photoproduct lyase one lethal hit by 254-nm UV-C irradiation corresponds to approximately 527 spore photoproduct dimers per chromosome (40) and that wild-type spores are 33-fold more resistant to UV-C irradiation than spores which lack nucleotide excision repair and spore photoproduct lyase (44) . Therefore, the UV-C doses used in this experiment to detect cyclobutane pyrimidine dimers and single-strand breaks exceeded the LD 90 of wild-type spores by more than a factor of 20, and it can reasonably be concluded that cyclobutane pyrimidine dimers and single-strand and double-strand breaks probably do not have major physiological consequences for spore survival in response to 254-nm UV-C irradiation.
However, we observed that spores irradiated with artificial UV-B radiation accumulated cyclobutane pyrimidine dimers at physiologically relevant doses. Cyclobutane pyrimidine dimers were detected after treatment with UV-B doses as low as 20 kJ/m 2 , which is less than the LD 90 of UV-B radiation for wild-type spores (approximately 30 kJ/m 2 ) (14, 27, 40) . The observation that appreciable quantities of cyclobutane pyrimidine dimers are produced in spore DNA irradiated with UV-B radiation is consistent with the observation of Xue and Nicholson (44) that nucleotide excision repair is a more important repair pathway for spore survival in the presence of environmentally relevant UV-B radiation than in the presence of UV-C radiation.
In order to understand the photochemistry of spore DNA in the environment compared to the artificial laboratory model, spores were irradiated with full-spectrum sunlight or sunlight containing only UV-A wavelengths and longer wavelengths. Full-spectrum solar radiation induced double-strand breaks, single-strand breaks, and cyclobutane pyrimidine dimers, whereas UV-A sunlight (wavelengths, Ͼ325 nm) induced both double-strand breaks and single-strand breaks but no detectable cyclobutane pyrimidine dimers in spore chromosomal DNA. These results imply that in spores exposed to solar radiation, it is the UV-B component which causes formation of cyclobutane pyrimidine dimers, whereas the UV-A portion of the solar spectrum is responsible for causing double-strand breaks and single-strand breaks. These results are summarized in Fig. 6 . Therefore, in the solar environment, dormant spores must repair at least spore photoproduct, cyclobutane pyrimidine dimers, single-strand breaks, and double-strand breaks during germination.
No apurinic-apyrimidinic sites were detected in any of our DNA preparations, as revealed by digestion with Endo IV and FIG. 5. Chromosomal DNA extracted from spores of strain WN356 exposed to UV-A sunlight on 5 to 16 October 1998 and to full-spectrum sunlight on 4 and 5 August 1998 was electrophoresed through a 0.8% neutral agarose gel (A) and a 0.8% alkaline agarose gel (B). Spores were not exposed to light (lanes 1 and 2), exposed in parallel to only heat (lanes 3 and 4), exposed in parallel to only UV-A sunlight (1.1 ϫ 10 6 J/m 2 ) (lanes 5 and 6), or exposed to full-spectrum sunlight (8. alkaline agarose gel electrophoresis, even though in a control experiment apurinic-apyrimidinic sites were readily detected by Endo IV digestion of B. subtilis chromosomal DNA heated in vitro at 90°C for 30 min (data not shown). DNA is protected from depurination-depyrimidination by the major small acidsoluble proteins (␣/␤ type SASP) and, to a lesser extent, by the relatively dehydrated state of the spore core (31) (32) (33) . ␣/␤-type SASP constitute 5 to 12% of total spore dry mass and bind spore DNA (reviewed in references 36 and 37), and SASP binding to DNA has been shown to protect the spore DNA from processes that may give rise to apurinic-apyrimidinic sites, such as acceleration of spontaneous base loss due to heat or oxidative damage (4, 31, 32, 34) . Studies of wild-type B. subtilis spores and ␣ Ϫ ␤ Ϫ mutants have shown that ␣/␤-type SASP are responsible for retarding the formation of apurinicapyrimidinic sites during dry heat treatment in spore DNA (31, 32) . In contrast, our control dried spores that were subjected to dry heat did not exhibit any type of damage, as detected by the assays utilized (Fig. 4 and 5) . The difference in the results is perhaps explained by the fact that in the previous experiments, spores were subjected to 120°C dry heat (32) , whereas the temperatures to which spores were exposed in our experiments were considerably lower (typically between 60 and 70°C) (Fig.  3) . Our findings suggest that in environmental settings where temperatures do not generally exceed 70°C, heat does not contribute significantly to spore DNA damage. Under these conditions it is likely that other cellular components, such as spore proteins, may be the targets of damage that may lead to spore death.
